Abstract: A novel coaxial diode-end-pumping configuration with combined two laser crystals was proposed for simultaneous, compact, and flexible dual-wavelength laser generation. Theoretical simulations showed that by balancing the gain in both laser crystals by varying the pump focusing depth or pump wavelength, the power ratio for each wavelength could be tuned for either continuous wave or Q-switched operation, and the time interval between two pulses at different wavelengths in Q-switched mode was also tunable. Experimental verifications were performed, demonstrating coincident conclusions. As there was no gain competition between two wavelengths, the output characteristics were much more stable than dual-wavelength generation in a single-laser crystal. It is believed that this is a feasible and promising method for generating dual-wavelength laser for applications of spectroscopy, precision measurement, nonlinear optical frequency conversion to terahertz wave, and so on.
Introduction
Dual-wavelength lasers are of great interest for the applications of precision measurement, spectroscopy, remote sensing, and so on. Simultaneous pulsed laser emission with two wavelengths close to each other also provides the pump source for terahertz (THz) generation through nonlinear optical difference frequency generation (DFG) method [1] . One of the most conventional methods to generate dual-wavelength lasers is optical parametric oscillators (OPOs), in which additional nonlinear crystals are needed, bringing additional elements and complication [2] , [3] . Direct laser emission from two separately pumped laser crystals sharing part or the whole cavity is another method for stable dual-wavelength generation [4] , but it has the same disadvantage of incompactness as the OPOs. There are also plenty of reports on dual-wavelength operation from single Nd 3+ doped laser crystals by balancing the net gain through cavity loss tuning [5] - [12] . However, there are strict requirements for cavity mirror coatings, and as different wavelengths usually originate from the same upper energy level, the inherent gain competition causes considerable power fluctuations for each wave, and the uncontrollable building process induces time jitter between two wavelengths while Q-switching [4] , [13] , which is the key problem for further nonlinear optical frequency conversion. Recently, Chen's group proposed a novel concept of dual gain media that shared the same optical resonator pumped by one diode laser (LD) and achieved stable dual-wavelength synchronously mode-locked laser with parallel polarization [14] . They also presented their results on compact passively Q-switched orthogonally polarized dual-wavelength laser with similar gain medium arrangement [15] . However, the pulses are not synchronized because of significantly different gain between two laser crystals.
In this paper, we theoretically analyzed the dynamics for continuous-wave (cw) and Q-switched coaxial diode-end-pumped dual-wavelength lasers with different gain medium pairs for the first time, indicating that power proportion and time interval of the dual-wavelength pulses could be tuned by changing the pump focal position and pump absorption coefficients in two laser crystals. For experimental verification, compact stable simultaneous dual-wavelength lasers were realized with Nd:YAG, a-cut Nd:YLF and c-cut Nd:YLF combinations. Extending such a configuration with various laser gain medium, flexible dual-wavelength laser emissions giving different frequency intervals are practicable, which well suit the requirements for generating terahertz (THz) wave by the DFG method.
Theoretical Analysis
The configuration of a LD coaxial diode-end-pumped laser is shown in Fig. 1 . The composite gain medium is made up of two separate Nd 3+ doped laser crystals (LC1 and LC2) with different host materials (Nd:YAG, Nd:YLF, Nd:YVO 4 , Nd:YAP, etc) or the same host material in different orientations (e.g., a-cut and c-cut Nd:YLF), emitting two different wavelengths based on the same energy level transition (e.g., 4 F 3/2 → 4 I 11/2 ). The two laser crystals were put together as near to each other as possible. In other words, a bonded crystal should be better irrespective of Fresnel loss at the interface. All their end faces are anti-reflection (AR) coated at pump (around 800 nm) and two resonant laser wavelengths (1040-1070 nm). The input mirror (M1) had AR coatings for pump and high-reflection (HR) coatings for resonant laser wavelengths, while the output mirror (M2) had partial (T = 10%) laser transmission for output. Changing the pump focal position z (z = 0 locates at the interface, so positive and negative denote focusing inside LC2 and LC1, respectively) and pump absorption in two crystals by tuning the LD working temperature, the volume occupied by pump beam or the absorption coefficient varies, leading to the change of pump coefficient (defined as P in latter text) in two crystals and thus the gain for two laser wavelengths can be tuned. In order to obtain a longer Rayleigh range of the focused pump beam, a 1:2 imaging system was used as the coupling lens from the fiber-coupled LD. As the gains for the two resonant wavelengths were not balanced by cavity loss in this scheme, the coatings for the cavity mirrors were not specially designed and their parameters were regarded as the same at both wavelengths. In this configuration, not only the cw laser but the Q-switched dual-wavelength operation as well could be achieved if an AO Q-switch is inserted to modulate the cavity loss.
Based on a basic four-level laser theoretical model [16] , the rate equations of the cw dualwavelength coaxial diode-end-pumped laser is given as
The subscript i (1 or 2) denotes different laser crystals and corresponding wavelengths. N and n are the total and inverted population of active ions; φ is the photon density inside the cavity; S is the spontaneous emission rate; A is the spontaneous transition coefficient with a relation of A = 1/τ, where τ is the upper level lifetime; B is the stimulated transition coefficient with B = cσ/n g , where c is the speed of light; σ is the stimulated emission cross section; and n g is the refractive index of the laser crystal. P is the pump coefficient, which is a parameter related to pump absorption coefficient α, occupied volume V and crystal length l. P is given by
where α is the absorption coefficient, V is the volume occupied by pump, η i is the quantum efficiency, l is the crystal length, ν p is the pump frequency, and h is the Planck constant. p i is pump power irradiated to the corresponding crystal and p 2 = p 1 × e −α 1 l 1 . The numerator of (3) is the absorbed pump power for each crystal (p i ,abs ).
If each of the crystal is equally divided into m parts in length, the pump coefficient of every part can be written as
in which subscript j is the number of part, V i is the pump volume, and p abs,i ,j is the absorbed pump power for every part. According the principle of laser oscillators, the output power P out is
where s is the laser beam cross section, T is the transmission of the output coupler, δ is the total cavity loss, I s is the saturation power density, expressed by
and g 0 is the small-signal gain
With (5), the relationship between dual-wavelength output power at cw operation and pump waist position z can be calculated. Fig. 2 (a) shows the example with gain medium pairs of a 4-mm long Nd:YAG crystal and a 4-mm long a-cut Nd:YLF crystal. Both crystals were1-at% doped. If the pump beam went through the Nd:YAG crystal first, it was supposed that the pump wavelength was 803 nm, at which the absorption coefficients were 1.2 cm −1 and 3.5 cm −1 for Nd:YAG and Nd:YLF crystals, respectively. The criterion for choosing the pump wavelength was to balance the gain in two laser crystals, which was easy to realize by changing the LD working temperature, or the doping concentration should be varied which was impossible. With the increase of pump focusing depth z, obviously the 1064 nm laser power decreased and the 1047 nm laser increased, until they became equal around z = 0. The power ratio between two wavelengths could be tuned continuously on a large scale. It could also be seen that the total power of the dual-wavelength laser dropped with z, owing to the degradation of mode matching that was only perfectly satisfied near the entrance face of Nd:YAG. Substituting the a-cut Nd:YLF with a c-cut Nd:YLF crystal (4-mm long, 1-at% doped), the same tendency was obtained, shown in Fig. 2(b) . The total output power decreased because the gain in a c-cut Nd:YLF crystal was lower than that in an a-cut Nd:YLF with the same size and concentration. Exchanging the order of two crystals we could also get power-ratio tunable dual-wavelength laser emission, shown in Fig. 2(c) . However, it should be noted that in order to re-balance their gains, the pump wavelength was tuned to be 805 nm, at which the absorption coefficients for Nd:YLF and Nd:YAG are 3 cm −1 and 1.5 cm −1 , respectively. We could also achieve dual-wavelength operation using the same material, e.g., Nd:YLF crystals cut along a-and c-axes that usually gave different wavelengths at 1047 nm and 1053 nm without intracavity polarization selecting elements. Fig. 2(d) is an example where the absorption coefficient of 1.8 cm −1 was used for both crystals and the equivalent power located at z around 0. In this case, it was observed that varying the pump wavelength only through temperature tuning could we also get any expected power ratio between two wavelengths, therefore it was even more convenient. On the other hand, if laser crystals with different lengths were applied, a similar result could also be obtained by balancing the gains in two laser crystals using the two approaches mentioned above.
For the cw dual-wavelength laser the only parameter that we cared about was the output power. However, it is more complicated for Q-switched operation, where more attention should be paid to pulse interval because the dynamic process for each wavelength is different resulting in different pulse building and releasing processes. The rate equations of a coaxially pumped dual-wavelength laser with two laser crystals sharing the same cavity and Q-switch can be written as
in which a(t) is the average single-pass loss
where a 0 = −c × ln(1 − δ 1 )/L is the loss parameter of the cavity, a 1 = −c × ln(1 − δ 2 )/L is the loss parameter induced by the Q-switch, L is the optical path of the cavity, δ 1 is the single-pass loss of the cavity, δ 2 is the single-pass loss of the Q-switch, t c is the switching time, and t s is the time constant. According to the definition of internal loss, the rate of photon loss is
The algorithm of the rate equation is built by analyzing energy storage and release during the Q-switching progress. At the first stage (0 < t < t c ), the photon density inside the cavity is small and the population inversion accumulates until maximum, and therefore, the rate equations (8) and (9) become
The population inversion at the time of t c (n 0 ) can be calculated with the fourth-order RungeKutta method. The Q-switch opens at t = t c when the cavity loss decreases suddenly and laser oscillation starts. Subsequently, the photon density increases sharply through stimulated emission and amplified by oscillation, generating a laser pulse. In this process the pump accumulation and spontaneous emission play minor roles and can be ignored. Then
The variation of photon density and population inversion was calculated from Eqs. (14) and (15), as shown in Fig. 3 . The pulses in every picture depicted the temporal pulse durations for each wavelength and the other two lines were the variation of inverted population in each crystal. The parameters used in the simulation of the Q-switched laser were L = 15 cm, l 1 = 4 mm, l 2 = 4 mm, , and α 2 = 3.5 cm −1 . It could be seen clearly that the pulse building processes at both wavelengths varied with the pump focusing depth z. As z increased, the gain in the second crystal (Nd:YLF) became relatively stronger and thus when the Q-switch was open, its pulse building time became shorter and the pulse duration was narrower. The pulse interval for both wavelengths could be designed into whatever was needed. There was also a certain z that we could get simultaneous dual-wavelength operation without interval, which could be used for further DFG for terahertz wave. The same phenomenon could be achieved by tuning the pump wavelength to balance the gain in two crystals, only if they were of different kinds of crystals and have overlapping absorption bands, or they were the same material but the gains at both wavelengths were different.
Experimental Results and Discussion
Experimental verifications were performed with the configuration shown in Fig. 1 . Laser line filters (Thorlabs FB series) were used to distinguish laser power at different wavelengths. With an available 7-mm 0.6-at% doped Nd:YAG crystal (LC1) and a 10-mm 1-at% doped a-cut Nd:YLF crystal (LC2), the output power versus pump focusing depth under cw mode was measured, shown in Fig. 4(a) . Pumping at 803 nm with the power of 10 W, the output power at 1064 nm decreased while the 1047 nm laser power firstly increased and then decreased, when z was changed from −3 mm to 3 mm. Equivalent powers for both wavelengths were obtained around z = 0 with 1.35 W for each. With a Nd:YLF crystal cut along c-axis with the same size and doping concentration, similar results was obtained at 1064 nm and 1053 nm, shown in Fig. 4(b) . Changing the order, that is, when the c-cut Nd:YLF was pumped before the Nd:YAG crystal, the power variation for each wavelength reversed, shown in Fig. 4(c) . Here, LC1 was a 4-mm 1-at% doped c-cut Nd:YLF crystal and LC2 was the identical Nd:YAG crystal mentioned above. A shorter Nd:YLF crystal was used to avoid pump clipping because its cross section was limited. Dual-wavelength lasers operating at 1047 nm and 1053 nm were also achieved employing two 4-mm 1-at% doped Nd:YLF crystals, cut along a and c axes, respectively, with the results shown in Fig. 4(d) . Generally, we could realize power ratios of whatever we need with flexible combination of laser gain medium. All the experimental results accorded with theoretical analysis very well. We also observed that if we changed the pump wavelength through its temperature controlling system, tunable power ratio could also be achieved with similar trend compared with z-tuning. Therefore, two methods could be adopted to balance the gains in two crystals, and we could use either (or both) method whichever was more convenient.
The output spectra of the coaxially pumped dual-wavelength laser was monitored with a Yokogawa AQ6370D optical spectrum analyzer. An example for the cw dual-wavelength Nd:YAG/Nd:YLF (acut) laser spectra was given in Fig. 5 when the output powers at 1047 nm and 1053 nm were equivalent, showing exactly the case of z = 0 in Fig. 4(a) . The power fluctuations at the same condition were also investigated, shown in Fig. 6 . The root mean square (RMS) instability for the total output power at 1047 nm and 1064 nm was 0.92% for half an hour. It was a bit higher for each wavelength (2.62% at 1064 nm and 1.31% at 1047 nm) because there existed absorption competition in some extent between two crystals. However, this was caused by the inconspicuous pump power fluctuation which was inherently different to the gain competition in the case of dualwavelength operation with one laser crystal, thus coaxially pumped dual-wavelength operation is much more stable. For comparison, a Nd:YAG crystal giving two wavelengths at 1319 and 1338 nm with the usual pumping scheme had a power fluctuations of an order higher [17] .
A 35-mm-long AO Q-switch (Gooch and Housego), which was AR coated at 1.06 μm and driven at 41 MHz with a maximum RF power of 20 W, was used to modulate the cavity loss for Q-switched operation. With a 7-mm 0.6-at% doped Nd:YAG crystal (LC1) and a 10-mm 1-at% doped a-cut Nd:YLF crystal (LC2), the power variation with pump focusing position z when Q-switched at 5 kHz was similar to cw operation shown in Fig. 4(a) , but the maximum average output power was almost 40% less. The pulse interval, which was more notable, was detected with a fast response InGaAs detector and shown in Fig. 7 . At z = −1.5 mm, the gain in the Nd:YAG crystal was much higher than that in the Nd:YLF crystal; thus, the 1064-nm pulse was built earlier and emitted out of the cavity before the 1047-nm pulse, shown in Fig. 7(a) . Increasing z to −0.7 mm, the time interval between two pulses became much smaller as more pump power was absorbed by the Nd:YLF crystal, shown in Fig. 7(b) . Fig. 7(c) shows that at around z = 0 mm, simultaneous dual-wavelength pulse was obtained attributing to balanced gain in two crystals. If z was further increased, the 1047-nm laser pulse would come out before the 1064-nm pulse, shown in Fig. 7(d) . All these pulses were stable because there was no gain competition between two crystals. Any time interval was feasible for different applications by tuning the pump focusing depth or pump wavelength. The pulse train of the 1064/1047 nm dual-wavelength laser was also given in Fig. 8 , demonstrating good pulse-to-pulse stability, enabling further nonlinear optical frequency conversion.
The combination of a 4-mm 1-at% doped a-cut Nd:YLF crystal (LC1) and a 4-mm 1-at% doped c-cut Nd:YLF crystal (LC2), was also investigated for Q-switched 1047/1053 nm dual-wavelength lasers. The pulse interval of two wavelengths demonstrated similar characteristics as shown in Fig. 6 . Compared with [4] and [18] , there was almost no timing jitter in our scheme; thus, it was ideal for further DFG to THz wave.
Generally, the related parameters for the coaxial diode-end-pumped dual-wavelength laser characteristics include pump focusing position, pump absorption coefficients (or pump wavelength) and laser crystal properties (stimulated emission cross section, fluorescence lifetime, doping concentration, length, etc). However, for given crystals, only the pump focusing position and pump wavelength can be tuned to achieve certain power ratios or pulse intervals (for Q-switched regime), as long as they have overlapping absorption band. Both methods work in the same way to balance the gains in the crystals. For diode-side-pumped dual-wavelength lasers with two gain mediums in series, the case will be much simpler as the operation characteristics can be changed by the pump intensity, but one more LD (or LD bars) is needed, and it will lose the significance of compact costless stable dual-wavelength lasers that we have concentrated on in this paper.
Conclusion
To summarize, we realized compact and stable dual-wavelength generation by combining two laser crystals in a coaxial diode-end-pumped scheme. Through gain controlling by tuning the pump focusing depth or pump absorption, the power ratio could be flexible tuned to meet different applications. We also managed to obtain dual-wavelength pulses with any time interval or simultaneous generation. The pulses are free of gain competition and thus there is no timing jitter, demonstrating good prospects in spectroscopy, precision measurement applications, and monitoring temporal phenomenon variations in nanosecond time scale. Such lasers also provide ideal compact pump sources for DFG to THz wave, which will be performed in later experiments.
